There exists a need for robust approaches for tandem mass spectrometry (MS/MS)-based identification of proteins in formalin-fixed paraffin-embedded (FFPE) material. We demonstrate herein the identification of proteins in FFPE material using enzymatic cleavage for extraction of peptides from the FFPE specimen and liquid chromatography (LC) followed by MS/MS. We identified 324 proteins from a 3-year-old FFPE cell-block of a human lymphoma cell line. The identified proteins were assigned to the membrane, cytosol and nucleus, with diverse cellular functions. The results were comparable to those obtained with lysates from a fresh specimen of the lymphoma cell line. Western blotting analysis and immunofluorescence microscopy confirmed the expression of selected proteins. The functional significance of one protein (PKC g) was validated using a PKC inhibitory peptide which resulted in lymphoma cell death in vitro. The ability to identify proteins from FFPE specimens has significant implications for MS/MS-based proteomics of vast repositories of archival primary tissue samples for disease-related discovery research. Laboratory Investigation ( Keywords: bottom-up proteomics; formalin fixed; paraffin embedded; tandem mass spectrometry Formalin fixation and tissue embedding in paraffin wax is a universal approach for tissue processing prior to light microscopic evaluation. A major advantage afforded by formalin-fixed paraffin-embedded (FFPE) specimens is the preservation of cellular and architectural morphologic detail in tissue sections.
Formalin fixation and tissue embedding in paraffin wax is a universal approach for tissue processing prior to light microscopic evaluation. A major advantage afforded by formalin-fixed paraffin-embedded (FFPE) specimens is the preservation of cellular and architectural morphologic detail in tissue sections. 1 The standard buffered formalin fixative in which biopsy specimens are processed is an aqueous solution containing 37% formaldehyde and 10-15% methyl alcohol. Formaldehyde is a highly reactive dipolar compound that results in the formation of protein-nucleic acid and proteinprotein crosslinks in vitro. [1] [2] [3] [4] [5] FFPE specimens have not been routinely used for global mass spectrometry-based proteomic studies. This relates to the fact that formaldehyde-induced crosslinking also renders proteins relatively insoluble and unsuitable for routine biochemical extraction and analysis. This crosslinking effect has precluded protein extraction from FFPE for routine Western blotting analysis of protein expression. 2 Thus, while recently developed enzymatic and heatinduced antigen retrieval methods have facilitated the immunohistologic detection of proteins in tissue, many proteins are still not detectable using these approaches. 6, 7 In addition, proteins lacking widely available antibodies to their formalin-resistant epitopes are largely undetectable by immunohistochemistry. Although recent advances in molecular biotechnology have permitted the global analysis of proteins expressed in various cellular and tissue systems, the diminished capacity to extract intact proteins has largely precluded the proteomic analysis of FFPE samples with definitive identification of the proteins present within cells and tissues in biopsy material.
The development of strategies to permit utilization of the universal FFPE specimens will be important in leveraging the application of powerful mass spectrometry-based proteomic approaches into the investigation of archival clinical specimens. In this study, we have used a 3-year-old cell block preparation of a human transformed follicular lymphoma-derived cell line (SUDHL-4) to assess the feasibility of LC-MS/MS analysis on FFPE specimens. Our strategy involved a 'bottom-up' approach for identification of proteins in the FFPE sample by trypsin and glutamic C endopeptidase (gluC) digestion and subsequent 'shotgun' LC-MS/ MS for protein identification. Our results establish the feasibility of utilization of FFPE for MS/MSbased proteomics analysis and with important implications for biomarker discovery and identification of novel therapeutic targets.
Materials and methods

Preparation of Cell Lysates
All cell lines (Karpas 422, OCI Ly-1, SUDHL-4 and SUDHL-16) are derived from human transformed follicular B-cell lymphomas that harbor the chromosomal aberration t(14;18). 8 Cells were grown in RPMI 1640 (Gibco-BRL, Gaithersburg, MD, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine and 100 units/ ml of penicillin-streptomycin mixture (Gibco BRL) at 371C and 5% CO 2 . Cell cultures of late exponential growth phase (about 2-5 Â 10 5 cells/ml) were pelleted by centrifugation at 1000 rpm at 101C, followed by washing in PBS Â 3 and lysis using RIPA buffer (25 mM Tris HCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 0.15 M NaCl, 1 mM EDTA). Cell lysates were then homogenized by repeated pipetting or using a syringe in ice followed by microcentrifugation. The supernatants were collected as protein extracts for further experiments. Protein concentration of extracts was determined using the Bradford protein assay kit (Pierce, Rockford, Il) and stored at À801C.
Preparation of Cell Block
The SUDHL-4 cell block was prepared by growing cells to confluency and approximately 10 7 cells were pelleted then mixed with Thomboplastin-DS (Pacific Hemostasis, Huntersville, NC, USA.) The mixture was allowed to incubate for 5 min while clot formation occurred. Hollande's fixative (B5 ml) was added, and the tube gently agitated to dislodge the clotted material. After 15 min, the cell clot was transferred to a plastic tissue cassette, placed in formalin and incubated overnight. Paraffin cell blocks were stored at room temperature until analysis.
Excess paraffin was trimmed from the cell block, and the remaining paraffin-embedded cell material was finely diced and placed in a microfuge tube. Paraffin was removed using three washes of xylene, with the remaining material subjected to serial hydration in graded ethanol (100, 90, 70, and 50%) and finally washed in PBS buffer. RIPA lysate buffer (as above) was then added to the pellet and protein concentrations again estimated using the Bradford colormetric method.
Enzymatic Digestion
Duplicate samples were prepared using equal amounts of total protein (600 mg) from both the FFPE SUDHL-4 cell block and fresh SUDHL-4 cell lysate. Each sample was digested by adding freshly prepared sequencing grade modified trypsin or glutamic C endopeptidase (Princeton Separations, Adelphia, NJ, USA) to each tube (1:50) and the tubes incubated at 371C overnight. Following the enzymatic digest, peptides were desalted and concentrated using Oasis HLB solid phase columns (Waters, Milford, MA, USA). For both samples (FFPE and fresh cell lysate), the trypsin and gluCdigested extracts were prepared in replicates of ten.
Mass Spectrometric Analysis
A 15 ml aliquot of each sample was analyzed by automated nanoflow reverse-phase LC/MS using the LCQ Deca XP ion trap mass spectrometer (ThermoElectron, San Jose, CA, USA). Digested peptides were injected by an autosampler, using an acetonitrile gradient (0-60% B in 80 min; A ¼ 5% acetonitrile with 0.4% acetic acid and 0.005% heptafluorobutyric acid (HFBA), B ¼ 95% acetonitrile 0.4% acetic acid and 0.005% HFBA) through a reverse phase column (75 mm ID fused silica packed in-house with 10 cm of 5 mm C18 particles) to elute the peptides at a flow rate of B200 nl/min into the mass spectrometer. An electrospray voltage of 2.2 kV was used with the ion transfer tube temperature set to 2201C. Peptide analysis was performed using data-dependent acquisition of one MS scan (600-2000 m/z) followed by MS/MS scans of the three most abundant ions in each MS scan. Normalized collision energy for MS/MS was set to 35% with an isolation width of 1.5 amu. Dynamic exclusion was set to a repeat count of 3, with the exclusion duration of 5 min. As previously described, each sample was analyzed multiple times (n ¼ 10) to ensure comprehensive identification of proteins. 9 
Data Analysis
The acquired MS/MS data was searched with TurboSequest against amino acid sequences in the UniProt nonredundant protein database (1/10/05 download). Peptide tolerance was set to 1.4 amu, with a minimum group count of 2 and one missed cleavage site allowed. Two or more peptides matching the criteria of a crosscorrelation score (X corr )41.2 for þ 1 peptides, 42.2 for þ 2 peptides, and 43.2 for þ 3 peptides, and a delta correlation score (DC n )40.100 was used as a threshold of acceptance. Next, all SEQUEST data (.dta) and output (.out) files passing the above criteria from the replicate samples were combined and evaluated using INTERACT and ProteinProphet (Institute for Systems Biology, Seattle, WA, USA). 10, 11 All protein identifications with an error rate of less than 5% were summarized and directly exported into Excel. Each sample was then analyzed for unique and shared protein identifications using the Perl script program (iadiff.pl) INTERACT Difference (Eng J, personal communication, January 2004). Finally, UniProt accession numbers were analyzed using GOMiner, 12 which maps identified proteins to existing Gene Ontology (GO) terms, with both molecular function and cell location summarized for proteins in each sample.
Immunoblot Analysis
For immunoblotting, cell lysates (40 mg of total protein per lane) were resolved in a 10% SDS-PAGE. Separated proteins were then transferred to a nitrocellulose membrane filter (Millipore, Billerica, MA, USA) using semidry transfer and blocked overnight at 41C. The membrane was incubated at room temperature with the appropriate dilution of primary antibody, then washed and incubated with horseradish peroxidase-conjugated secondary antibodies. Western blot targets were visualized using chemicaluminescence (ECL Plus kit, Amersham, Piscataway, NJ, USA). The following antibodies were used for immunoblotting analysis: Actin (C2), JAK1 (H-106), PKC (H-300), PKC Z (C-15), and Raf-B (H-145), and STAT1 (E-23) (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Immunofluorescence Microscopy
For immunofluorescence, SUDHL-4 cells (1 Â 10 6 cells/ml) were washed, plated, and fixed in 24 well plates then subjected to immunofluorescence analysis using an antibody against phospholipase C-gamma-1 (PLCg1, 503) (Santa Cruz). Control wells were also included for the secondary antibody, and the cells were examined by fluorescent microscopy, with fluorescent signal thresholds set using the control wells.
Functional Validation Studies
To determine the functional significance of protein kinase C eta (PKC Z) expression in the human lymphoma-derived SUDHL-4 cells, we performed studies to evaluate the effect of PKC inhibition on the viability of the lymphoma cells. For our experiments, we utilized the cell permeable PKC inhibitor peptide (Myr-RKRTLRRL) which inhibits binding of PKC substrates. 13 The PKC inhibitor peptide (Calbiochem, San Diego, CA, USA) was dissolved in PBS as the vehicle and incubated with the SUDHL-4 cells at varying concentrations and time points. Experiments for each drug concentration and time point were performed in triplicate.
Cells at a starting density of 1 Â 10 5 cells/ml were used for MTT studies. Cell viability was determined using the MTT [3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay as previously described.
14 Cell cycle analysis was performed as previously described. 15 
Results
Proteins were extracted from a 3-year-old FFPE block of a tFL-derived cell line (SUDHL-4), digested with trypsin or gluC, and analyzed by reverse phase nanoflow LC-MS/MS (Figure 1) . To obtain a comprehensive survey of proteins, parallel enzymatic digestion (trypsin and gluC) was performed for each sample type. 16, 17 Each digest was analyzed by LC-MS/MS multiple times (n ¼ 10) to approach maximal saturation levels of protein identification. 9 The cumulative totals of proteins identified in replicate analysis (n ¼ 10) were 324 and 514 (Figure 2a) for the paraffin and fresh lysate samples, respectively. Trypsin digestions yielded 133 protein identifications in the FFPE sample and 231 from the fresh lymphoma lysate, while the gluC-digest resulted in 71 proteins identified from the FFPE cells, and 86 from the fresh lysate. Using peptides from both digests (trypsin and gluC), 120 proteins were identified from the FFPE material and 197 proteins identified from fresh cell lysate. Cumulative protein identifications were then combined from each analysis and for both enzyme digests as shown in Figure 2b .
Functional categories of a selected list of proteins identified in common to both the FFPE and fresh cell lysate samples are presented in Table 1 . In detail, MS analysis of the extracted proteins from the FFPE specimen yielded 4876 peptides, which matched 1471 known database entries and resulted Figure 1 Overview of experimental design for comparing fresh SUDHL-4 cell lysate and formalin-fixed paraffin-embedded (FFPE) samples for protein identification by tandem mass spectrometry.
Mass spectrometry-based proteomics from FFPE material DK Crockett et al Figure 2 Comprehensive survey of proteins identified using tandem mass spectrometry by replicate analysis (n ¼ 10) of (a) SUDHL-4 FFPE cell block (324 proteins) and SUDHL-4 fresh cell lysate (514 proteins). (b) Cumulative protein identifications were combined for both enzyme digests and from each analysis. In some cases, proteins were identified by complementary peptide contributions from trypsin and gluC. The remaining protein identifications were exclusive to either enzyme. Table 2 for full list). As shown in Figure 3 263 proteins were found in common between the two sample types (see Supplementary Table 3 for full list). This represents 81% of the total number identified from the FFPE extraction. Importantly, more than half (52%) of the proteins identified in the fresh cell lysate were also identified from the 3-year-old FFPE material. Figure  4 shows the MS full scan and data-dependent MS/ MS scan of the tryptic peptide R.EFIWGVFGK that identified protein kinase C, eta from the FFPE block. Additional peptides are displayed in Table 1 which summarizes the Gene Ontology molecular function of selected proteins identified in both the fresh SUDHL-4 cell lysate and FFPE sample. Figure 5 shows that the total number of proteins identified in the FFPE sample was generally less than that obtained with the fresh cell lysate for both cell location (Figure 5a ) and molecular function (Figure 5b ). The distribution of proteins identified in the SUDHL-4 FFPE cell block is displayed as a pie chart in Figure 6a , showing both cell location and molecular function. Similarly, Figure 6b shows the cell location and molecular function for the proteins identified in the fresh SUDHL-4 cell lysate. Predicted cell location and molecular function for the 263 proteins identified in common to both samples is provided in Figure 6c .
In order to further validate the proteins identified by MS/MS peptide matching, we performed Western blot analysis and immunofluorescence studies to demonstrate the expression of proteins identified in both the SUDHL-4 FFPE cell block and fresh cell lysate. As shown in Figure 7a , the expression of Raf-B, JAK1, PKC, and STAT1 was observed by immunoblot analysis in the SUDHL-4 cells and not the IgG isotype control lane, confirming the presence of these proteins in the SUDHL-4 proteome. Cytoplasmic expression of PLCg1 was confirmed by immunofluorescence microscopy in SUDHL-4 cells (Figure 7b) .
We also validated the expression of protein kinase C eta (PKC Z) in the SUDHL-4 cell line, as well as, three other tFL-derived cell lines (Figure 7c) . We further investigated the potential functional significance of PKC Z expression in the SUDHL-4 cells, by performing studies to evaluate the effect of PKC inhibition on the viability of the lymphoma cells. The PKC inhibitor resulted in significant inhibition of the growth of SUDHL-4 cells as demonstrated by the MTT viability assay (Figure 7d ) at a calculated Figure 3 Venn diagram summary of proteins identified by tandem mass spectrometry in fresh cell lysate (514), FFPE (324), and those in common (263).
Mass spectrometry-based proteomics from FFPE material DK Crockett et al Figure 4 MS full scan and data-dependent MS/MS scan showing sequencing of the tryptic peptide R.EFIWGVFGK which identified protein kinase C, eta in the FFPE sample. Peptide sequencing is indicated by matching b ion (red) and y ion (blue) fragments. Additional peptides for protein kinase C are displayed in Table 1 .
IC 50 value of 11 mM. In addition, PKC inhibition resulted in G 0 /G 1 (M2) arrest, decreased S-phase fraction, and induction of cell death (M1) in the SUDHL-4 lymphoma cells 52 h after inhibitor treatment (Figure 7e ).
Discussion
We report the direct identification of proteins isolated from an approach involving deparaffinization, peptide extraction by enzymatic digestion, and analysis by reversed-phase LC-MS/MS. We identified 324 proteins in the SUDHL-4 FFPE cell block, including proteins known to localize primarily to the membrane, cytosol and nucleus. Comparative proteomic analysis performed on protein extracts from fresh lymphoma cells revealed an overlap of 263 proteins identified from the FFPE samples (52% of fresh lysate total IDs). Western blotting and immunofluorescence studies confirmed the expression of selected proteins identified by peptide extraction and LC-MS/MS in the FFPE specimen. Notably, the extraction time for LC-MS/MS sample preparation of FFPE samples was similar to DNA/ RNA extraction from paraffin-embedded tissue samples, with the deparaffinizing step as the only additional labor required beyond that of preparing traditional samples for analysis by LC-MS/MS. The overall yield of extracted protein, peptide chromatography, and quality of MS/MS spectra was comparable to that of fresh cell lysate. Detailed examination of the cellular compartments of the proteins identified revealed relative biases for detection of proteins from particular compartments ( Figure 5 ). For example, the number of extracellular compartment proteins identified from the FFPE sample (n ¼ 29) was comparable to that identified in the fresh lymphoma cell lysate (n ¼ 34), and represented only a 15% reduction in protein identifications (Figure 5a ). In either sample, proteins assigned as 'extracellular' are considered to be precursor proteins destined for export to the extracellular compartment. The number of cytosolic proteins identified in the FFPE sample (n ¼ 125) was also reduced in comparison to those identified in the fresh lymphoma cell lysate (n ¼ 183), representing a 32% reduction in proteins identified in the fresh cell lysate. Membrane protein identifications were also under represented in the FFPE sample (n ¼ 100) as compared to the fresh cell lysate (n ¼ 162), representing a 39% reduction in the membrane proteins identified in the fresh cell lysate. Correspondingly, proteins assigned to signaling, catalytic or enzymatic (cytosolic), and transport (membrane) functions were less represented in the FFPE samples (Figure 5b ). On the other hand, analysis of the FFPE sample yielded 65 proteins assigned to the nuclear compartment as compared to 125 proteins in the fresh lymphoma cell lysate, representing a 48% reduction of the proteins identified in fresh cell lysate. Accordingly, proteins assigned to transcription (nuclear) function were represented least in the FFPE specimen, as compared to the fresh cell lysate (Figure 5b) .
Interestingly, some proteins were identified exclusively in the FFPE specimen (n ¼ 61), as compared to 251 proteins identified exclusively in the fresh cell lysate (Figure 3 ). In addition, analysis of the FFPE sample afforded identification of important low-abundance proteins including transcription factors such as NF-kB p105 subunit, cytokines such as leukocyte cell-derived chemotaxin 2, kinases such as leukocyte tyrosine kinase, phosphatases such as protein-tyrosine phosphatase nonreceptor type 22, receptors such as ryanodine receptor 1 and signaling proteins such as RhoGTPase-activating protein 6 (Table 1 and Supplementary Table 1 ). Moreover, several proteins previously reported to play an important role in the pathogenesis of tFL were identified in the FFPE specimen. These include NF-kB, 18 BCL-11A, 19 BALassociated protein, 20 and RhoF. 21 Importantly, many proteins previously unknown to be expressed in tFL such as ribosomal S6 kinase, Wnt2 protein, betacatenin like protein1, and the eta (Z) isoform of protein kinase C (PKC) were identified in the FFPE sample.
With regard to protein kinase C, the PKC isoenzyme family members are signal transduction regulators that exhibit cell and tissue-specific expression. PKC Z has been implicated in the mediation of proliferative signals important in the pathogenesis and progression of some human cancers. [22] [23] [24] However, such a role has not been established in the regulation of growth of transformed follicular lymphoma. Hence, we sought to establish a functional role for PKC Z expression in tFL. In this regard, we demonstrated evidence for a dose-and time-dependent inhibition of SUDHL-4 cell growth, following exposure of the lymphoma cells to a PKC inhibitor. These results further validate the utility of FFPE-based proteomics approaches for the identification of biologically relevant proteins which may serve as rational targets for novel therapeutic strategies.
In conclusion, the identification of proteins of diverse function and subcellular localization from FFPE material demonstrates the feasibility of mass spectrometry-based proteomic studies for the investigation of archived pathologic specimens previously inaccessible to direct proteomic analysis. The utilization of proteolytic cleavage for peptide extraction from FFPE samples circumvents the problems associated with routine biochemical extraction of intact proteins from FFPE, or recovery and analysis of insoluble or crosslinked proteins from gel electrophoresis-based approaches. Our current approach utilized two enzymes with distinct cleavage specificities which improved the overall number and validity of the protein identifications. We identified several proteins known to be expressed in human-transformed follicular B-cell lymphoma cells, from which the SUDHL-4 cell line is derived. Importantly, several proteins of potential functional and pathogenetic significance, which were not known to be expressed in this subtype of lymphoma, were identified by analysis of the 3-yearold FFPE specimen. Application of multidimensional chromatography separation techniques would increase the number of definitive identifications, and improve the identification of low-abundance proteins. 25 Utilization of specific cell isolation and enrichment techniques such as laser capture microdissection will permit characterization of pure cell populations in their precise microanatomic localization. 26 Future studies examining FFPE specimens that have been stored for varying lengths of time will be necessary to determine the effects of storage on peptide recovery and protein identification by bottom-up proteomics approaches as described herein. The ability to perform mass spectrometrybased proteomic analysis on FFPE samples provides significant opportunities for biomarker and therapeutic target discovery in archival samples with well-documented clinical follow-up.
